Understanding the ecological relevance of intraspecific variation and evolutionary change in traits is a central frontier in contemporary ecology. Ecological stoichiometry uses variation in the content and kinetics of elements among species to predict key ecological functions such as nutrient recycling. Although much work has focused on interspecific variation, little is known about the ecological consequences of intraspecific variation and evolutionary change in the processing of ecologically relevant elements such as phosphorus (P). We tested whether physiological evolution can alter somatic P content of Daphnia and algal stoichiometry and abundance as predicted by stoichiometric models of consumer-driven nutrient recycling. We used genotypes of Daphnia pulicaria hatched from resting eggs in lake sediments separated by several hundreds of years of evolution in the wild. Although no significant differences were observed in somatic P content of genotypes from different sediment layers, radiotracer ( 33 P) assays in 2 P-supply conditions (HiP and LoP) revealed considerable differences in P incorporation, particularly under HiP conditions. Further, algae co-occurring with the modern, P-inefficient Daphnia genotypes contained more 33 P and exhibited faster population growth compared to counterparts co-occurring with ancient, P-efficient genotypes, with differences more prominent under HiP conditions. This study highlights the potential for intraspecific variation in P-use physiology in affecting trophic interactions via consumer-driven nutrient recycling. Melding ecological stoichiometry and resurrection ecology should elucidate the evolutionary sources and ecological consequences of such variation.
Introduction
Similar to most studies in community ecology (Bolnick et al. 2011 , Schoener 2011 , Violle et al. 2012 , studies in ecological stoichiometry (ES; Sterner and Elser 2002) have also paid little attention to the relevance of intraspecific variation and the potential for selection to act on this variation resulting in ecologically relevant evolutionary change . Based on mass balance, ES uses elemental composition of organisms in relation to environmental supply of elements to predict ecological functions of populations such as consumer-driven nutrient recycling (CNR; Elser and Urabe 1999) . For example, the microcrustacean grazer Daphnia plays a pivotal role in P cycling in lake ecosystems (Lehman 1980) , and the abundance of P-rich daphnids can control phytoplankton growth, not only via direct grazing but also indirectly via CNR (Sterner 1986) , with important implications at the ecosystem level (Elser et al. 1988) .
A number of studies in freshwater, marine, and terrestrial ecosystems have focused on interspecific variability in elemental composition and processing in predicting community and ecosystem consequences (Hall 2009 , Hessen et al. 2013 , Sardans and Peñuelas 2013 . Evidence from a variety of taxa indicates that the range of intraspecific variation in the content or processing of major elements such as carbon (C), nitrogen (N), and phosphorus (P) is similar, if not greater, than interspecific variation (Bertram et al. 2008 , El Sabaawi et al. 2012 . Intraspecific variation in content and processing of elements seems to have a genetic basis in several taxa (Jeyasingh and Weider 2007) and has been found to exhibit genotypeby-environment interactions, depending on the amount of P supply in Daphnia (Jeyasingh and Weider 2005 , Jeyasingh et al. 2009 ). Consistent with predictions of stoichiometric theory, Daphnia genotypes retained more assimilated P under P-limiting conditions compared to P-replete conditions (DeMott et al. 1998 , He and Wang 2007 , Frisch et al. 2014 . Moreover, genotypes that exhibited superior P-retention (Roy ) had higher fitness than genotypes with lower P-retention under P-limiting conditions (Weider et al. 2004) . Thus, the mass-balance-based predictions of ES can be used to understand the ecological consequences of not only intraspecific variation, but also evolutionary change in elemental content and processing .
In this study, we used 2 P-efficient and 2 P-inefficient genotypes of Daphnia pulicaria belonging to a single population separated by thousands of generations of evolution, established using methods in resurrection ecology (Frisch et al. 2014) , to test whether genotypic differences in P use affects trophic interactions. Briefly, daphnids are cyclical parthenogens with mainly asexual reproduction and a sexual phase, typically at the end of the growing season, which results in the production of sexual (dormant) eggs encased in a sclerotised structure (ephippium) deposited in lake sediments. Eggs hatched from different sediment layers spanning several centuries from a lake in Minnesota differed significantly in population genetics and P use (Frisch et al. 2014) . These genetic and phenotypic differences were closely correlated with the onset of industrialized agriculture in the lake's watershed from the mid-to-late 1800s (i.e., after European settlement of Minnesota). The 2 P-efficient genotypes were isolated from sediment prior to European settlement and had a higher P-use and P-retention efficiency compared to the 2 P-inefficient genotypes isolated from sediments after European settlement and the onset of industrialized agriculture in the catchment (Frisch et al. 2014 ). Specifically, we tested whether diffrences in the dietary supply of P altered the somatic P concentration and P incorporation in Daphnia genotypes. We predicted that the P-effecient genotypes would have a higher somatic concentration and incorporation of P compared to the P-inefficient genotypes. Further, we tested whether the differences in P excretion among these genotypes (1) altered the amount of P in algae and (2) affected the rate of primary production. We predicted that P-limited algae coexisting with P-inefficient genotypes would incorporate more recycled P and grow faster than algae co-occurring with P-efficient genotypes.
Methods

Experimental organisms
All 4 resurrected genotypes of D. pulicaria used in this study (genotypes 4-8 Frisch et al. 2014) were maintained in the laboratory at ~20 °C and a 16:8 light:dark cycle in artificial lake water (COMBO; Kilham et al. 1998 ) and fed Scenedesmus acutus algae cultured under high P supply (C:P ~ 100) at a concentration of ~1 mg L
Generation of algae with contrasting C:P stoichiometry
Scenedesmus acutus was cultured in semicontinuous chemostats under P-sufficient and P-deficient conditions. P-sufficient Scenedesmus was cultured at 59.37 μmol P with a dilution rate of 1 d −1 , and P-deficient Scenedesmus was cultured at 5.94 μmol P (Kilham et al. 1998 ) with a dilution rate of 0.15 d −1 . These conditions produced algae with C:P ratio ~150 (HiP) and ~750 (LoP), respectively. After ~7 days, when chemostats reached stable state, we collected algae from the outflow. The C content of the algae was estimated spectrophotometrically by absorbance equations (Jeyasingh unpubl.) to determine the volume of algae to be fed to experimental animals.
Somatic phosphorus analyses
We isolated 8 gravid females per genotype, with 4 receiving LoP algae at a concentration of 1 mg L −1 d −1 C, and the remaining 4 receiving HiP algae at a similar concentration. These cultures were maintained in 3 L jars at ~20 °C and 16:8 light:dark cycle in artificial lake water (Kilham et al. 1998 ) for 6 months to minimize acclimation responses and maternal effects before samples were taken for somatic-P analyses. Five individuals of each genotype from both HiP and LoP Daphnia cultures were then dried at 60 °C for 48 h. P content was measured by sulfuric acid digestion after combusting at 550 °C for 2 h (APHA 1992) . Samples were then verified using a spinach standard (NIST 1570a). All %P were converted to molar concentrations for further analyses. Evolution of consumer-driven nutrient recycling Inland Waters (2016) 6, pp.165-172
Radiolabeling of algae
After collection and centrifugation (at 3500 rpm for 30 min) of HiP and LoP algae from 7-day-old chemostats, precipitated algal cells were resuspended in 200 mL of media without N and P at 1 mg L −1 C. Radioisotope 33 P (as orthophosphate) was spiked in the amount of 5.55 MBq L −1 (DeMott et al. 1998, He and Wang 2007) , and suspensions were incubated in a shaker at 20 °C, 16:8 light:dark cycle for 72 h. We then filtered 2 mL of the algal culture through a GF/F filter (Whatman Inc., Maidstone, UK) to estimate initial 33 P activity.
Quantifying rate of 33 P incorporation by Daphnia genotypes
Similar-sized Daphnia of each genotype were isolated from experimental cultures and fed 1 mg L −1 d −1 C HiP algae. After 3 days, the animals were starved for 2 h to evacuate gut contents. Batches of 3 animals from each genotype were placed in each of six 50 mL jars, half of which contained HiP radiolabeled algae and the other half LoP radiolabeled algae at 1 mg L −1 d −1 C concentration. The animals were allowed to feed on radiolabeled algae for 4 h and then were pipetted out, washed, and transferred to scintillation vials for estimation of 33 P incorporation, which consists of assimilation minus losses due to excretion (Urabe 1994) . Because gut contents are a negligible source of isotope in a 4 h experiment (DeMott et al. 1998 ), guts were not cleared at the end of the 4 h trial. In all cases, initial radioactivity in HiP and LoP algae was divided by the amount of radioactivity in the organisms after 4 h to correct for variation in incorporation of 33 P.
Measuring algal uptake of recycled 33 P
To test whether intraspecific variation in P use among Daphnia genotypes is relevant across trophic levels, we designed experiments to measure the rate at which algae incorporated recycled P from P-efficient and P-inefficient Daphnia genotypes. Following the experimental design of Sterner (1986) , we fabricated 24 beakers (4 genotypes × 2 treatments × 3 replicates), each of which had 2 chambers separated by a 0.2 µm nitrocellulose filter (Millipore, MA) that allows transfer of dissolved P while blocking the transfer of most particulate P ( Fig. 1a and b). The upper chamber was a 70 mL container that fitted the mouth of a 150 mL beaker, which served as the lower chamber. The bottom of the 70 mL container was fitted with the 0.2 µm filter. We added 100 mL of P-free media (Kilham et al. 1998) to this 2-chamber beaker. The upper chamber was inoculated separately with 20 similar-sized Daphnia from either P-efficient or P-inefficient genotypes. All individuals were starved for 2 h prior to experiments. We added 33 P-labeled HiP algae to the upper chambers of 12 beakers and 33 P-labeled LoP algae to the remaining 12 beakers. The algae were added at a concentration of 6 mg L −1 d −1 C because preliminary experiments revealed that 33 P could not be detected by the scintillation counter at lower concentrations of algae (Fig. 1a) . The lower chambers were inoculated with 200 μL of unlabeled LoP algae at the same concentration. After 24 h the lower chamber was homogenized by stirring, and 2 mL of algae were pipetted out and filtered through a GF/F filter (Whatman Inc., Maidstone, UK) for radioactivity counting in a liquid scintillation counter (Beckman Coulter 6500, Atlanta, GA) after addition of 3 mL of scintillation cocktail (Ultima Gold, Perkin Elmer Inc., MA). We measured 33 P counts in the lower chambers after 24 h because initial trials showed that counts taken earlier were below the background level of the scintillation counter. Two control jars for each treatment were set up with no Daphnia in the upper chamber (Fig. 1b) .
Quantifying algal growth
The second part of the experiment was designed to test whether differential uptake of recycled P by algae altered the rate of algal growth. We used the same experimental set-up as above; however, in place of radiolabeled algae in the upper chamber, we added unlabeled algae (Fig. 1c) . Each treatment was replicated 4 times. Two control jars for each treatment were set up with no Daphnia in the upper chamber (Fig. 1d) . At 0 and 48 h, algae in the lower chamber were homogenized by stirring, and 1 mL of sample was taken and immediately frozen at −80 °C to prevent further algal growth. The number of algal cells in each sample was estimated using a flow cytometer (Nikon TE2000-E FACSCalibur) as a measure of algal growth.
Statistical analysis
We determined whether P treatment or genotype influenced somatic P concentration and P incorporation using separate ANOVAs. The ANOVA models included 2 fixed factors: P treatment (HiP and LoP) and genotype age (P-efficient [~700 years] and P-inefficient [~5-10 years]; Frisch et al. 2014 ) and a random factor genotype (4 genotypes) nested within genotype age. A 2-way ANOVA was applied to compare the amount of 33 P in algal samples after 24 h in the 2 dietary treatments. Repeated measures ANOVA was performed where the number of algal cells at 0 h and 48 h were treated as repeated measures to compare algal growth among the treatments. Data were arcsine-transformed to meet normality assumptions wherever applicable. Tukey's post-hoc tests followed all analysis. All analyses were conducted in SPSS (IBM, v20, 2011) at 0.05 level of significance.
Results
Variation in phosphorus concentration among Daphnia genotypes
Nested univariate ANOVA revealed significant effects of Daphnia genotypes on somatic P concentrations (Table 1) . There were no significant effects of genotype age, P treatment, and their interaction in body P content (Fig. 2 , Table 1 ). The genotypic effects on body P content were mainly driven by differences between one P-efficient genotype compared to the other 3 genotypes in LoP treatment (p < 0.002; Fig. 2 Table 1 . The effects of "genotypes" (nested within genotype age), "genotype age" (P-efficient vs. P-inefficient), "phosphorus (P) treatment" (HiP vs. LoP) and their interactions with 33 P incorporation of Daphnia, and algal uptake of recycled P and algal growth. F-values, degrees of freedom, and P-values of ANOVA are presented. Effects in bold are significant (α = 0.05).
Fig. 2. Somatic body phosphorus (P) content in μmoles mg
−1 body weight in all 4 study genotypes at 2 different treatment cultures: HiP and LoP. All data are means ± SE (n = 3). Different letters indicate significant difference between treatment pairs according to Tukey's post-hoc tests. (α = 0.05).
Fig. 3. Mean net incorporation (NI) for P in μg mg
−1 h −1 in P-efficient and P-inefficient Daphnia expressed as a ratio to the initial algal radioactivity at 2 different treatments: HiP and LoP. All data are means ± SE (n = 6). Different letters indicate significant difference between treatment pairs according to Tukey's post-hoc tests (α = 0.05). Evolution of consumer-driven nutrient recycling Inland Waters (2016) 6, pp.165-172
Variation in phosphorus incorporation among Daphnia genotypes
Individual genotypes nested within genotype age did not show a significant effect on net incorporation (Table 1) ; therefore data from each of the 2 P-efficient and P-inefficient genotypes were combined for all subsequent analyses. Net incorporation (NI) of P varied between P-efficient and P-inefficient Daphnia, particularly under HiP conditions (Fig. 3, Table 1 ). Although NI showed no significant difference between P treatments or a significant genotype by treatment interaction (Table 1) , P-inefficient genotypes increased NI in LoP compared to HiP, whereas NI for P was comparable between HiP and LoP in P-efficient genotypes (Fig. 3) .
Differential incorporation of recycled P into algal biomass
Counts of algal 33 P collected from the lower chamber of both HiP and LoP control jars (without Daphnia) were similar to the background counts, indicating no transmission of radioactive algae from the upper to the lower chamber. Therefore, the source of 33 P in the algae inhabiting the lower chamber of experimental jars was most likely due to diffusion of dissolved P through the filter, excreted by Daphnia in the upper chamber. Algae in the lower chamber of beakers containing P-inefficient Daphnia genotypes in the upper chamber had higher 33 P counts compared to algae cooccurring with P-efficient genotypes in HiP conditions (Fig.  4a, Table 1 ). In LoP, algae co-occurring with P-inefficient genotypes exhibited a slightly greater uptake of P compared to algae co-occurring with P-efficient genotypes, although the differences were not significant (Fig. 4a, Table 1 ).
Relevance of intraspecific differences in Daphnia P excretion to primary production
The number of algal cells, a surrogate for algal growth, showed a difference between algae co-occurring with P-efficient and P-inefficient genotypes of Daphnia after 48 h of incubation (Table 1) . Algae co-occurring with P-inefficient genotypes exhibited a greater increase in the number of algal cells in HiP and LoP treatments when compared to algae co-occurring with P-efficient genotypes (Fig. 4b) . There was no significant effect of P supply or P supply-by-genotype interaction on algal growth (Table 1 , Fig. 4b ). In the control jars (without Daphnia), algal cell counts (number of cells μL −1
; mean ±1 SE) were similar in both HiP and LoP treatments at 0 h (HiP control: 137.97 ± 50.59; LoP control: 112.87 ± 8.53) and were much lower than the experimental jars at 48 h (HiP control: 269 ± 129.79; LoP control: 287.65 ± 75.82; Fig. 4b ), suggesting that the differences seen above were most likely due to differential P-excretion by Daphnia in the upper chambers.
Discussion
Our study on Daphnia genotypes that vary in age and P use (Fig. 3 ) revealed significant effects on algal uptake of P and rate of primary production (Fig. 4) via CNR, particularly in conditions where Daphnia are not P limited (HiP). Although other studies have also reported genotypic differences in P use and its importance in determining the fitness of genotypes under contrasting P supply conditions (Jeyasingh et al. 2009 , Frisch et al. 2014 , our study demonstrates that such differences can feed back to impact algal quality and quantity. The range of genotypic differences in P incorporation observed is comparable to interspecific variation (e.g., between daphnids and copepods) in P use known to affect primary production via CNR (Elser and Urabe 1999) .
We found that Daphnia genotypes varied in their body P content, although most of the observed differences were driven by a single genotype (Fig. 2) . Overall, the somatic P concentrations showed no common trend among the genotypes between the 2 treatments. Further, contrary to our prediction, the body P content of P-efficient genotypes was not higher compared to the P-inefficient genotypes (Fig. 1) . P incorporation, however, varied significantly among genotypes, depending on the P content of diet (Fig.  3 , Table 1 ). Notably, we found that younger genotypes (resurrected from the 4-8 cm sediment layer; Frisch et al. 2014 ) increased P incorporation under LoP compared to HiP conditions, whereas older genotypes (resurrected from the 60-64 cm sediment layer) exhibited similar rates of P incorporation regardless of dietary P supply. In other words, younger genotypes were more plastic in P use compared to ancestral genotypes in response to changes in dietary P. Importantly, results indicate that such genotypeby-environment interactions have notable effects on coexisting algae (Fig. 4) . Specifically, P-limited algae coexisting with modern, P-inefficient genotypes contained more 33 P in HiP compared to ancient, P-efficient genotypes. Moreover, P-limited algae coexisting with P-inefficient genotypes exhibited faster growth, most likely due to differential excretion of P by Daphnia genotypes.
Alterations in dietary P supply elicit a wide range of physiological responses in Daphnia. He and Wang (2007) observed that with increase in the dietary P supply, Daphnia decreased their P absorption, resulting in an increased rate of dissolved P excretion. Such differential P kinetics within species (Frisch et al. 2014 has also been shown to determine genotypic success, driving the outcome of competition in contrasting P-supply environments , Jeyasingh et al. 2009 , Lind and Jeyasingh 2015 . Transcriptomic response to altered P supply has identified numerous genes and pathways that underlie plastic and genetic variation in P use (Jeyasingh et al. 2011 . Intraspecific variation in genes or pathways involved in processing P at the cellular level could underlie differences observed in the amount of P recycled to algae and subsequent algal growth response. For example, McCarthy et al. (2010) found that alkaline phosphatase activity increases when P supply is low, which causes Daphnia to retain more P. A microarray study (Roy Chowdhury et al. 2015) indicated that the P-efficient and P-inefficient genotypes studied here exhibit substantial differences in gene expression, including alkaline phosphatases.
Based on our physiological assays, we found that variation in NI for P between genotypes correlated to the amount of algal P uptake and algal growth under HiP treatment (Fig. 2 and 3 ), indicating that P-inefficient genotypes incorporated less P and excreted more P, which in turn resulted in increased algal uptake and growth. Although we are extrapolating incorporation to infer excretion rates in Daphnia, studies have shown that retention and/or incorporation rate is usually negatively related to excretion (DeMott et al. 1998 , He and Wang 2007 . Under LoP conditions, we found no significant differences between the P-efficient and P-inefficient genotypes in incorporation, algal uptake, and algal growth rates, likely because daphnids increase P retention to maximal levels under P limitation, negating any genotypic differences.
The retention efficiency (RE) for P in these genotypes varied between ~22-47% in HiP and ~25-98% in LoP (Frisch et al. 2014 ). The range of intraspecific differences between treatments observed in these 4 genotypes are therefore comparable to, if not greater than, interspecific differences in P retention observed in other studies. For example, the amount of P retained after 12 h varied from ~23% in marine copepods (Liu et al. 2006 ) to ~40% in D. magna (He and Wang 2007) under P-replete conditions. Similarly, under low-P diets, interspecific variation in P assimilation ranged from ~19% in copepods to ~49% in D. magna. Intraspecific differences in P use can rival interspecific differences and can therefore potentially alter the amount of regenerated P available for algal uptake, as observed in this study.
Although P fluxes (e.g., RE and NI) were correlated to algal P uptake and growth, the body P contents revealed no such correlation among the genotypes (Fig. 2 , Table  1 ). This finding is particularly noteworthy because traditional stoichiometric models have mostly focused on organismal P content to predict excretion rates and regeneration of nutrients in the environment (Sterner et al. 1992 , Elser and Urabe 1999 , Hall 2009 , Sardans et al. 2011 . Further, differences in the somatic composition of consumer species were seen to alter the parameters regulating primary production via differential CNR (Elser et al. 1988) . Our study indicates that nutrient fluxes, in addition to the elemental content of genotypes, can provide a more reliable indicator of CNR than considering elemental composition alone. Further, because the range of intraspecific variation observed in this as well as other studies (Frisch et al. 2014 ) rivals interspecific variation between species, inclusion of nutrient fluxes in traditional ES models might have a more widespread application. Evolution of consumer-driven nutrient recycling Inland Waters (2016) 6, pp. [165] [166] [167] [168] [169] [170] [171] [172] We acknowledge that data on 4 genotypes in laboratory microcosms are obvious limitations of this study. Nevertheless, the substantial intraspecific differences among consumer genotypes and the effects of such differences on primary producers reported here might have important implications for pelagic ecology. Daphnia population genetic structure, as well as mean trait values of key traits, is known to vary seasonally with changes in environmental parameters such as temperature (e.g., Carvalho 1987, Carvalho and Crisp 1987) . Whether similar dynamics occur in response to seasonal variation in P supply and seston stoichiometry remains to be answered (e.g., Hessen et al. 2005) . Substantial, genetically based, intraspecific differences in P use, as observed here and in other studies (e.g., Jeyasingh et al. 2009 indicate they may be common.
At longer timescales, intraspecific differences in P-use physiology and its impact on nutrient recycling may be particularly important in light of human-induced rapid environmental changes, such as eutrophication known to invoke rapid evolutionary responses in Daphnia (Hairston et al. 1999 , Frisch et al. 2014 . Such evolutionary changes can feed back to significantly alter ecological parameters (Post et al. 2008 , Post and Palkovacs 2009 , Schoener 2011 . Because the 4 study genotypes are separated by thousands of generations of evolution and a significant change in P enrichment, the observed shifts in P use most likely result from adaptive evolution, where selection on efficient P use is relaxed with increase of P loading. This conjecture is further supported by the 2 ancient genotypes exhibiting the highest P retention of any Daphnia studied to date (Frisch et al. 2014) , and these genotypes differ markedly in their transcriptomic response to changes in dietary P supply compared to extant, P-inefficient genotypes (Roy Chowdhury et al. 2015) . Differences in recycled P uptake and its concomitant effect on algal growth reported here suggests that relaxed selection on P use might increase the availability of P indirectly to algae, causing further growth and reinforcing the effects of eutrophication via contemporary evolution in grazer population (Kinnison and Hairston 2007) . Information on the existing variation in Daphnia populations for quantitative traits, such as P use and how P loading into lakes alters this variation, is needed to illuminate the evolutionary causes and ecological relevance of large differences in P use within species.
